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New gauge bosons with Standard Model-like couplings to leptons are constrained by collider 
searches to be heavier than approximately ~1 TeV. A Z' boson with suppressed couplings to leptons, 
however, could be much lighter and possess substantial couplings to Standard Model quarks. In this 
article, we consider a new leptophobic Z' gauge boson as a simple and well motivated extension of 
the Standard Model, and discuss several of its possible signatures at the Tevatron. We find that three 
of the recent anomalies reported from the Tevatron — in particular the top-quark forward-backward 
asymmetry and excesses in the 36 and W + 2 jets final states — could be explained by a new Z' with 
a mass of approximately 150 GeV, relatively large couplings to quarks, and suppressed couplings to 
electrons and muons. Moreover, we find that such a particle could also mediate the interactions of 
dark matter, leading to potentially interesting implications for direct detection experiments. 

PACS numbers: 14.70.Pw,14.80.-j,95.35.-f d FERMILAB-PUB-ll-154-A-T 

I. INTRODUCTION 

Of the many high energy extensions of the Standard Model to have been proposed, a new abelian U (1)' gauge group 
is among the simplest and best motivated. For example, it has been long realized that the matter content of the 
Standard Model is anomaly free under a gauged U{1)b-l- More generally, new gauged U{1) groups appear in many 
Grand Unified Theories (GUTs), including those based on the gauge groups 5*0(10) and -Ee [D12]j and within many 
other often studied extensions of the Standard Model [3l-|9]. Assuming a non- negligible coupling strength, any new 
C/(l)' must undergo spontaneous symmetry breaking, allowing the resulting gauge boson - the Z' - to be massive.^ 

In most models that introduce a new U{iy gauge symmetry, the corresponding Z' boson couples to leptons and 
quarks with similar strengths. In part, this characteristic is helpful in arranging the cancellation of anomalies. Barring 
the addition of new fermionic particle content beyond the Standard Model, the cancellation of triangle anomalies 
requires contributions from both leptons and quarks |111 112] . Through the introduction of new fermions to aid in 
anomaly cancellation, however, it is possible to construct Z' models with considerably differing couplings to the 
various quarks and leptons of the Standard Model. 

From a phenomenological perspective, the leptonic couplings of a Z' are particularly important. First of all, e^e^ 
colliders such as LEP II provide the cleanest environment in which to search for pair production of Standard Model 
particles through the s-channel exchange of an off-shell heavy particle such as a Z'. Clearly, such experiments require 
leptonic couplings for the production of the Z' , even if the final state is hadronic. Second, although hadron colliders 
can in principle probe a Z' which only couples to quarks (for instance through the process qq — ^ (Z')* — >■ q'q' leading to 
a dijet final state), the considerable QCD backgrounds make the corresponding signal extraction difficult. Therefore, 
even at hadronic machines, the most stringent Z' constraints derive from leptonic channels. 

For a Z' that couples to both leptons and quarks with strengths similar to those of the Standard Model Z, results 
from LEP II and the Tevatron constrain its mass to be on the order of 1 TeV or higher. A Z' with somewhat 
reduced couplings to electrons and muons, however, could easily evade such constraints, even with a mass as light as 
^100 — 200 GeV and significant couplings to quarks. While such a leptophobic Z' (or hadrophilic Z' , if one prefers 
to take a more glass half-full outlook) is not generically predicted by models of new physics, such a particle can arise 
naturally in certain contexts; see Ref. |13| for example. Furthermore, regardless of such theoretical considerations, 
the possibility of a leptophobic Z' boson remains viable from a phenomenological perspective. We will discuss the 
constraints on such a particle in more detail in Sec. |llj 

Although new gauge bosons with masses well below a TeV and with substantial couplings to quarks are not currently 
excluded by experimental results, evidence of their existence could potentially appear in a variety of channels at the 
Tevatron or Large Hadron Collider (LHC). In this paper, we discuss a number of anomalous signals reported from 
the Tevatron which could be the result of a relatively light and somewhat leptophobic Z' . In particular, the CDF 
collaboration has recently reported the observation of a 3.2a excess in the distribution of events with a leptonically 
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decaying and a pair of jets [T3J[T5]. After the subtraction of Standard Model backgrounds, this excess takes the 
form of a peak-like feature at approximately 140-150 GeV in the invariant mass distribution of the two jets. We show 
in Sec. Ill that this observed peak could be produced by a Z' that has a mass in this energy range and with modest 
couplings to light quarks {gqqZ' ~ 0.1-0.3). 

In Sees. |IV| and [V] we discuss two other anomalous results from the Tevatron experiments that could also be the 
result of a new leptophobic Z' in a similar mass range. First, there is a modest excess in the distribution of events with 
at least three 6-jets reported by both CDF and DO. While the results of this search channel are usually interpreted in 
terms of non-Standard Model Higgs phenomenology {i.e. two Higgs doublet models with large tan/3), we show that the 
reported excess could also arise from a Z' with a mass between approximately 130 and 160 GeV, and with relatively 
large couplings to 6-quarks {gbbZ' ~ 0.7-0.9). Secondly, CDF has also reported an excess in the tt forward-backward 
asymmetry, inconsistent with the Standard Model at the 3.4(7 level for tt invariant masses above 450 GeV [TB] (this 
excess has recently been confirmed in Ref. [TT]). DO also finds an asymmetry in tension with the Standard Model, 
although with less statistical significance [TS]. While the s-channel exchange of a Z' cannot explain the asymmetry 
(via the process qq -> {Z')* — >■ tt) without running afoul of measurements of the total top pair production cross 
section T^l-ET]. a flavor violating coupling allowing the Z' to produce tt through its i-channel exchange could yield 
the observed asymmetry [22-24,. 

In addition to being interesting new physics in its own right, the existence of a Z' boson could also have important 
implications for other fields, including cosmology. In Sec. VI we discuss the role that a Z' could play in dark matter 
phenomenology. In particular, a relatively light Z' which couples to both dark matter and quarks could lead to large 
elastic scattering cross sections between dark matter and nuclei, potentially generating high rates at direct detection 
experiments (such as the those implied by the results reported by the CoGeNT [251 and DAMA [26] collaborations). 
The s-channel exchange of a Z' could also provide an important dark matter annihilation channel. When the cross 
section for this process is used to calculate the thermal relic abundance, we find that the predicted contribution 
from Z' exchange can potentially lead to an abundance of dark matter consistent with the measured cosmological 
density [27] . 

In this paper, we take a model independent approach to the possibility of relatively light and leptophobic Z' gauge 
bosons. That is to say, we do not assume any specific overall symmetry that would fix the relative couplings of 
the quarks and leptons. We find that any or all or of the aforementioned Tevatron anomalies could potentially be 
accounted for by the introduction of a Z' boson. 



II. SUMMARY OF CURRENT EXPERIMENTAL CONSTRAINTS 



Experimental constraints on Z' models are often presented under one of two assumptions: either that the couplings 
of the Z' are identical to those of the Standard Model Z boson (sometimes scaled by an overall factor), or that the 
couplings are set within the context of a specific top-down model {Eq or 5*0(10) GUT models, for example). Here, 
we take a more agnostic view of the structure of the couplings and treat each of the Z'-fermion-fermion couplings as 
a free parameter. As we will demonstrate, this opens a considerable range of Z' masses and couplings that would be 
strongly excluded under common assumptions. We begin with a review of the current experimental bounds on the 
properties of the Z' . 

Among the strongest constraints on Z' couplings to leptons are those coming from LEP II. In particular, the 
process e+e" — >■ Z' — > e+e~ leads to a constraint of geeZ' ^ 0.044 x (to2//200 GcV) for Z' masses above roughly 
200 GeV p5H5D]. At lower masses, the LEP II constraint, which is derived in an effective field theory formalism, is 
not directly applicable. Below approximately 200 GeV, off-shell Z' production is no longer suppressed by the Z' mass, 
but rather by the LEP center-of-mass energy. A conservative constraint is therefore geeZ' ^ 0.04 for mz' ^ 200 GeV. 
Much stronger constraints can be placed on the production and decay into e~^e~ pairs of on-shell Z' bosons if the Z' 
mass is near one of the center-of-mass energies at which LEP II operated: 130, 136, 161, 172, 183, 189, and 192-209 
GeV [2H]. Constraints from the s-channel production of e+e~ [3T] and/or /x^/x" [32] at the Tevatron are also quite 
stringent (r+r" final states are considerably less constrained [33]). A Z' with Standard Model-like couplings, for 
example, must be heavier than approximately 1 TeV to be consistent with the null results of these searches [31] . 

A Z' that does not couple to leptons as strongly as the Standard Model Z (a leptophobic Z'), however, is much 
more difficult to observe or constrain at both lepton and hadron colliders. Although one would naively expect that 
a search for a peak in the dijet invariant mass distributions would suffice at a hadron collider, the QCD background 
at low dijet mass (compared to the beam energy) introduces large theoretical uncertainties, swamping any resonance 
signal arising from a Z' with electroweak-strength or smaller couplings. For a leptophobic Z' with a mass between 
~ 300 — 900 GeV, dijet searches at the Tevatron {pp Z' ^ qq) constrain its couplings to quarks to be comparable 
to or less than those of the Standard Model Z [3S]. For a leptophobic Z' below 300 GeV, the uncertainties in the 
QCD background overwhelm the signal at the Tevatron, and so the strongest constraints come from the lower energy 
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UA2 experiment From the lack of an observed dijet resonance, UA2 can place constraints on the order of 

gqqZ' ^ 0.2-0.5 for Z' masses in the range of 130 to 300 GeV. 

In Fig. [T] we show the constraints from UA2 and LEP II on the couplings of a relatively light Z' to first generation 
quarks and electrons, assuming couplings to a single helicity. To obtain the UA2 limits, we have computed the cross 
section for the process — >■ Z' — >■ 2 jets at a center of mass energy of 630 GeV using MadGraph/MadEvent |37l . 
and have compared the result to the limits on dijet production shown in Fig. 2 of Ref. [36]. We see from Fig. [l] 
that a 130-300 GeV Z' with roughly equal couplings to quarks and leptons is constrained by LEP II to have very 
small overall gauge coupling and thus will be unlikely to provide any observable signals at the Tevaton, and possibly 
even the LHC. Phenomenologically much more interesting is the scenario in which a relatively light Z' has very small 
couplings to electrons and muons (< 0.04), but sizable (~ 0.1-0.3) couplings to quarks. We will focus on this case 
throughout the remainder of this paper. 
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FIG. 1; Constraints on the Z' couplings to light quarks and leptons as a function of the Z' mass. Bounds on Z' couplings to 
light quarks were extracted from the results of the UA2 collaboration [36 , whereas the LEP II bounds on couplings to electrons 
were derived from Ref. 29, 30]. We have assumed coupling to a single fermion helicity. The constraints on the couplings of a 
Z' to leptons are significantly more stringent than those on couplings to quarks. 

There are also a number of indirect and low energy constraints that restrict the mass and couplings of Z' bosons. 
In particular, mixing between the Z' and the Standard Model Z, which is expected in a wide range of U{1)' models, 
can shift the Z mass from its predicted Standard Model value, contributing to the T parameter [35] (although the 
S', T, U parametrization must be used carefully within the context of Z' models, as the electroweak corrections are not 
generally oblique). High precision determinations of the Z mass and other electroweak measurements thus strongly 
constrain the degree of mixing that is allowed between the Z and a light Z' [351 |3D]. However, the degree of Z-Z' 
mixing expected is highly model dependent, and there is no a priori reason to expect a large mixing angle. To avoid 
conflict with electroweak precision data, we will assume negligible Z-Z' mixing throughout this paper. 

If the couplings between the Z' and Standard Model quarks are not family universal, tree-level flavor-changing 
neutral current processes will be generated [H]. Measurements of neutral if, D, and B meson mixing restrict 
couplings among the first two generations and the h quark to be quite small [TOI43) . However, flavor-changing 
processes involving the top quark are relatively unconstrained by experiment, so that couplings such as utZ' may be 
substantial. We will consider this possibility and its implications further in Section |v| within the context of the tt 
forward-backward asymmetry measured at the Tevatron. 

III. iy±-hDIJET EVENTS AT THE TEVATRON 

The CDF collaboration has recently presented the results of an analysis studying events with a lepton, missing 
transverse energy, and a pair of hadronic jets |15j . In the Standard Model such events arise predominantly from 
QCD processes in which an additional decaying to I'^v or l~v is radiated. A smaller contribution is due to the 
production of a LK* plus an additional weak gauge boson (another or a Z) decaying hadronically. When the 
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number of W — Iv plus two jet events is plotted as a function of the invariant mass of the two jets, rrijj, a broad 
peak is found at the masses of the and the Z. The existence of a Z' with significant couplings to Standard Model 
quarks could lead to the appearance of an additional peak at the mass of the new boson, through processes such as 
those shown in Fig. |2] 





FIG. 2: A representative Feynman diagram contributing to events containing a lepton, missing transverse energy, and two jets. 
When plotted as a function of the invariant dijet mass, this process will produce a peak at the mass of the Z' . 



The recent CDF analysis [15], which makes use of 4.3 fb~^ of data, reports the presence of a feature consistent with 
such a peak, consisting of 253 events (156±42 in the electron sample and 97±38 in the muon sample) above expected 
backgrounds in the sum of the electron and muon channels. The center of the peak is located at a dijet invariant mass 
of 144 ± 5 GcV. Relative to searches for dijets resulting from s-channel Z' exchange, the requirement of an associated 
lepton and missing energy (assumed to come from a decaying W^) drastically reduces the background. Indeed, this 
channel is exactly where one would expect to see the first indications of a relatively light leptophobic Z' . 

To examine whether the observed excess can be explained by a Z' boson, we have performed simulations using 
MadGraph/MadEvent, together with Pythia 6 [H], for parton showering and hadronization, and Delphes [IHj as a 
detector simulation. The kinematic cuts described in [151 are applied. For simplicity, we use a generic set of input 
parameters for Delphes. That is, we did not implement the actual detector parameters of the CDF experiment, as we 
find that using the generic parameters already provides a description of the diboson background that is acceptable 
for the purposes of this study, implying that the detector efficiency and energy resolution are adequately modeled. 

We find that the observed excess of events can be explained by a Z' boson with a mass of ^ 150 GeV and with 
couphng gadZ' ~ 0.25 (for g^.^z' = 0) or g^uZ' ^ 0.25 (for g^dz' = 0), leading to a cross section cr(pp ^ Z' + W"^) « 
1.8 pb. This is illustrated in Fig. [sj where we compare the prediction of such a Z' model to CDF data. Note that for 
the events considered here, only couplings to left-handed quarks are relevant due to the presence of a W^. 

The + dijet cross-section (before cuts) as a function of guuZ' and gddZ' is shown in Fig. [4] (as computed using 
FeynArts and FormCalc |46j). It should be noted that the cross-section is actually reduced if guuZ' and gddZ' are 
equal, due to the presence of interference terms between the two diagrams with ud and du initial states (see Fig. |2| . 
On the other hand, if the two couplings are taken to have opposite sign, then the interference enhances the -f dijet 
cross-section. The value a{pp Z' + W^) ~ 1.8 pb leading to the results shown in Fig. [s] can be obtained with e.g. 
guuZ' = —gddZ' ^ 0.13. 

We note that evidence of such a Z' could also come from other channels including two jets plus missing energy, two 
jets plus a photon, or two jets plus two leptons. At the current level of precision, these channels do not yet impose a 
strong constraint, but in the future could provide interesting avenues for testing leptophobic Z' models. 



IV. MULTI-6 EVENTS AT THE TEVATRON 



Feynman diagrams similar to those leading to the production of Z' at the Tevatron could also provide potentially 
observable signals in other channels. In particular, if we allow the Z' to have large couplings to b quarks, collisions at 
the Tevatron can lead to events with three &-jets, through diagrams such as that shown in Fig. [5] In such a scenario, 
a Z' could be observed in searches designed to look for Higgs bosons decaying to &-quark pairs. 
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FIG. 3: The observed distribution of + dijet events at CDF [15] (black data points) after subtraction of all Standard Model 
backgrounds except those from diboson (W"'"M^~ or W^Z) production. Note the good agreement between our prediction of the 
remaining background (dashed histogram) with the data and with the prediction from the full CDF Monte Carlo simulation 
(yellow/light gray shaded histogram), which provides some level of confidence in our modeling of detector effects and analysis 
cuts. The blue/dark gray shaded histogram corresponds to the CDF background prediction, plus a signal from a 150 GeV Z' 
boson with g^dz' = 0.25, g^uZ' = 0. 
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FIG. 4: Contour plot of the production cross section (7{pp Z' + W^) as a function of the couplings of the Z' to left-handed 
first generation quarks, g^^z' and gddZ' , for a mass of mz' = 150 GeV. Note that interference effects occur when both couplings 
are non-zero. 



The CDF and DO collaborations have each presented results from their searches for Higgs bosons decaying to bb in 
association with an additional 6-jet. Based on 2.2 fb~^ of data, the CDF collaboration has reported a limit that is 
more than 2cr weaker than expected for Higgs masses in the range of 130 to 160 GeV (with an estimated probability 
of obtaining such a weak limit for any mass estimated to be 5.7%) [47] . The DO analysis, based on 5.2 fb~^ of 
data, observes a small (and not particularly statistically significant) excess in their 3-6 channel at Higgs masses of 
roughly 100-250 GeV [IS]. To attribute either or both of these excesses to a Higgs boson is quite difficult: requiring 
a cross section that is much larger than is predicted in the Standard Model, or even within two Higgs doublet models 
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FIG. 5: One of the dominant diagrams leading to final states with three b-jets through an on-shell Z' . Four-6 final states (with 
at least three fo-tags) can also contribute to the analysis discussed here, but are subdominant in the parameter range of interest. 



with large tan /?. In this section, we will discuss the possibility that a Z' with the properties needed to produce the 
+ dijet signal observed by CDF could also be responsible for these excesses of multi-6 events. ^ 

From Refs. |17||1H], we estimate that o{j)p H + b) x BR{H bh) ~ 5-10 pb is required to yield a signal capable 
of reconciling the data with the theoretical prediction. If interpreted as events involving a Z' rather than a Higgs 
boson, the impact of kinematic cuts (and ^-tagging efficiencies) is modified, and thus the underlying cross section 
times branching ratio is affected. Using Madgraph/MadEvent combined with Pythia 6 to account for the kinematic 
cuts described in the analysis, we find that the cross section times branching ratio, <j{pp Z' + b) x BK{Z' — bb), 
needed to account for these events is approximately 25% smaller than that required of Higgs associated events. If the 
couplings of the Z' with all species of quarks is set to gqqZ' ~ 0.2 (the approximate values needed to generate the 
dijet excess at CDF), we calculate <j{pp Z' + bb) ^ I pb, which is well below what is needed to produce the multi-6 
excess. To increase the number of multi-& events to the desired value requires considerably larger couplings between 
the Z' and b quarks. In particular, we find that a value of gbbZ' ^ 0.7 — 0.9 (to either left- or right-handed 6's) is 
required to produce the observed excesses. 

As a general point, Z' couplings that are large enough to produce the observed multi-6 signals invariably lead 
to large branching ratios of the Z' into 66. For example, the particular choice of left-handed couplings gtbZ' = 0.7, 
guuZ' = gddZ' = 0.2 leads to a Z' branching ratio to 6's of ~ 75%. The resulting high multiplicity of 6's in the Z' decay 
should also be observable in the CDF dijet analysis. While this paper was in preparation, CDF has reported that 
the fraction of W + dijet events with the dijets identified as 6 quarks is not significantly higher in the excess region 
compared to the sideband regions [TS]. Further studies from CDF and DO will be needed in order to assess whether 
using a single Z' to explain both the W + jj and multi-6 anomalies is still feasible. Due to the lower backgrounds of 
events that include 6-jets, searches in channels such as two 6-jets plus missing energy, two 6-jets plus a photon, or two 
6-jets plus two leptons, could also be fruitful in identifying a Z' with sizable couplings to 6-quarks. 

The presence of a Z' with relatively large coupling to 6 quarks can lead to unwanted shifts in precision electroweak 
quantities [50], in particular the branching ratio of Z — >• 66. For a Z' coupling only to left-handed 6 quarks, the loop 
contribution to this branching ratio is approximately equal to the current experimental error bar for gbbZ' ^ 0.7. On 
the other hand, if the Z' coupling is taken to be right-handed, the loop contribution is suppressed by a factor of 
~ 30 due to the smaller coupling of the Standard Model Z to right-handed quarks. In this case, there is effectively 
no constraint on the Z' coupling strength. Similar loop contributions to other quantities are less constraining. In 
particular the Z' loop contribution to the bottom quark forward-backward asymmetry, which remains in slight tension 
with global precision electroweak fits, is much smaller than the current experimental error. 



^ An alternative model which can provide a joint explanation of these two anomalies through the addition of heavy color-octet particles 
is given by i49[ . 
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FIG. 6: Left panel: this diagram contributes to the tt asymmetry, through interference with gluonic contributions to the 
same process in the Standard Model. Right panel: a similar diagram gives rise to same-sign top quark production at tree 
level. Experimental constraints on tt, tt production must be taken into account when attempting to explain the observed tt 
asymmetry. 



V. t-t FORWARD-BACKWARD ASYMMETRY AT THE TEVATRON 



The forward-backward asymmetry in top quark pair production at the Tevatron has first been studied by the DO 
and CDF experiments in Refs. [5T1[S2], and recently measured by CDF using a significantly larger dataset |16_. This 
new analysis finds a 3.4(T discrepancy between the prediction of the Standard Model and the asymmetry measured in 
events with a large tt invariant mass (the discrepancy is less than 2a if all values of the ti invariant mass are included) . 
A more recent analysis by CDF identifies further evidence for such a discrepancy among tt dilepton events P7i . 

One possible explanation for this discrepancy is a flavor-violating chirally coupled Z' boson that mixes, for instance, 
up and top quarks [22 l[53l - f58] .^ Since such a Z' boson contributes to tt production only in the t-channel (as shown in 
Fig. |6| , it will not necessarily lead to unacceptable modifications to the total ti cross section, although contributions 
to other processes such as same-sign top production (also shown in Fig. [6]) must be taken into account. 

To assess in more detail the consistency of a flavor-violating Z' boson with the CDF data, we consider the model 
proposed in Ref. [22^ in which the Z' couples through the operator 

gutz'Z'^u-f^'PRt + h.c., (1) 

where Pji = (1 + 7^)/2 is the projector onto right-chiral states, and gutz' is the flavor- violating Z' coupling constant. 
We have simulated tree-level ti production in this model at the parton- level using MadCraph/MadEvent. We compute 
the ti asymmetry in the ti rest frame as 

^ N{Ay > 0) - NjAy < 0) 
^' N{Ay > 0)+N{Ay < 0) ' ^ ' 

where N{Ay ^ 0) is the number of events in which the rapidity difference between the top and the anti-top quark is 
less/greater than zero. Since our simulation is carried out at tree level, it includes only the new physics contribution to 
the asymmetry, but not the Standard Model terms which arise at next-to-leading order. To compare our predictions to 
CDF data, we therefore add the Standard Model asymmetry, which we take from Ref. jj6j . In the left panel of Fig. [7j 
we show the ti asymmetry predicted in the Z' model (including the Standard Model contribution) for mz' = 150 GeV, 
9utZ' — 0.5, and compare it to CDF data and to the Standard Model prediction alone. We observe that the Z' model 
can explain the increase of the asymmetry with increasing ti invariant mass rritt. 

In the right panel of Fig.[7) we show the preferred regions of the Z' parameter space. We flnd that a Z' with a mass 
between 100 and 300 GeV, and couplings gutz' on the order of ~ 0.3-0.8 provides the best fit to the experimental 
observations. We also show the constraints on the Z' model coming from measurements of the total cross section of 



^ An alternative possibility is a W' boson coupling down and top quarks [591 160j . Alternatively, axigluons [614464) or other heavy color 
multiplets | 65tt69| (but see also [70]) can be invoked to explain the CDF tt asymmetry. 
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production, a{ti), same-sign top production, and the non-standard top decay mode t — )• uZ' . If Eq. ([T]) is the only 
operator coupUng the Z' to the Standard model, the Z' will be long lived, and will lead to a large amount of missing 
energy in top decays involving a Z' . Here, however, we assume that it has additional couplings to light quarks or &'s, 
as in Sees, in] and lYl 

To derive the total cross section (j{tt), we use the approximate next-to-next-to- leading order Standard Model 
prediction of (j{tt) 21j and add to it the difference between the tree- level cross section with and without inclusion of 
the Z' . We then compare this number to the combined result of several CDF measurements |34| . taking into account 
both the experimental error and the theoretical uncertainty from Ref. [21,. Note that, in the preferred region of the 
'mz'-Qutz' parameter space, the Z' model actually predicts a decrease in uiiA), due to interference effects [22]. In fact 
this can lead to an excluded region at low Z' mass and small coupling where the total cross section is too small. It has 
recently been pointed out, however, that the selection efhciency of events may differ in various models, potentially 
altering these constraints somewhat jTTj . 

For the constraint from same-sign top pairs, we compare the cross section for the processes — >■ tt, tt predicted by 
MadGraph/MadEvent to the experimental constraint from CDF [72], taking into account the 0.5% acceptance of the 
experimental analysis, and using the Feldman- Cousins method [731 [73] for the statistical analysis. The resulting 95% 
C.L. exclusion contour is shown in Fig. [?[ The constraint shown does not take into account the process uu Z' Z' ^ 
which can then lead to same-sign top production if mz' > mt and the branching ratio BR(Z' — > ut) is substantial 
(we assume this branching ratio to be small). 

While this work was being completed, the CMS collaboration has announced results from a same-sign dilepton 
search with 35 pb^^ of data [75].'' The flavor-violating Z' model would predict a significant number of same-sign 
dileptons from same-sign top production, and is therefore in severe tension with the null result from CMS. A full 
analysis will be required to determine how severe this tension is. 

The branching ratio for the top quark decay mode t — > uZ' is only constrained indirectly. In particular, CDF 
has measured the ti production cross section independently in events with two charged leptons, jets and missing 
energy |76j (interpreted as both top quarks decaying to ivb) and in events with only one charged lepton, jets and 
missing energy [77] (interpreted as one top decaying to ii'b, the other to jets). If the Z' decays to jets, as assumed 
here, the decay mode t uZ' — >■ 3j would contribute to the second of these measurements, but not to the first one. 
We compute the expected ratio of the two cross sections including the effect of the Z' , and compare to the ratio of 
the CDF measurements. Note that we do not account for the modified probability of obtaining a 6-tag in the Z' 
model since it depends on details of the Z' model not relevant to the tt asymmetry. If the Z' decays predominantly 
to light quarks, there will be fewer 6-tags than in Standard Model top decays and the bound will be weakened. If the 
dominant Z' decay mode is into 5 quarks, the bound becomes stronger. 

An additional constraint comes from the production of single top quarks, which are measured by both CDF and 
DO [751 [73]. In the presence of a Z'ut coupling, single tops can be produced via the processes pp — >■ tZ' and pp -> tu. 
With a Z' mass and couplings in the range being considered, the production cross-section due to the Z' sector is on 
the order of the Standard Model prediction cr ^ 3 fb. However, as pointed out in Ref. [22], the data analysis in both 
cases relies upon multivariate analysis techniques optimized for single top production in the Standard Model in order 
to overcome large backgrounds. It is therefore difficult to determine whether existing single top observations provide 
constraints on this Z' model or not. 

Finally, the recent CDF analysis [16] demonstrates a strong dependence of A" on the top/anti-top rapidity difference 
Ay. Specifically, for jAyj < 1 they report A" = 0.026 ± 0.118, while for |A?/| > 1 the observed asymmetry is 
v4'* = 0.611 ± 0.256. For the representative point mz' = 150 GeV, gutz' — 0.55, we find 

<ed(|Ay|<l) = 0.0505, 

A'^reS^y\ > 1) = 0.6862, ^ ' 

where our prediction includes the Standard Model contribution as given in iH)] . These results are in close agreement 
with the experimental values. 

VI. IMPLICATIONS FOR DARK MATTER 

The existence of a new neutral gauge boson with couplings to both dark matter and the Standard Model could 
potentially play an important role in dark matter phenomenology. In particular, a Z' could mediate dark matter 



* We thank Paddy Fox for drawing our attention to tliese results. 
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U invariant mass ff! ,f (GeV) 



FIG. 7: Left panel: Top-antitop asymmetry A** predicted by the Standard Model (black dotted histogram), by the Standard 
Model extended by a representative Z' boson with couplings according to Eq. ([T]) (blue solid histogram), and CDF measurement 
of A" (data points with error bars). Right panel: Favored parameter regions in the Z' model according to Eq. ([l]). Contours 
are computed using the Ax^ method with 2 degrees of freedom. We also show constraints from same-sign top events, from the 
total tt production cross section, and from the non-standard top decay mode t — >■ uZ' (assuming the Z' decays into jets). Our 
best fit regions are in good agreement with the results of Ref. [22) . 



self-annihilations, as well as the elastic scattering of dark matter with nuclei. In this section, we discuss some of the 
ways in which a Z' could most significantly contribute to such processes. 

If the dark matter particle is either a scalar or a Dirac fermion (which we will denote by the symbol x), a can 
mediate a spin-independent elastic scattering cross section with nucleons that is given by 



2 2 



QuuZ 









< 




QddZ' 








9xxZ' 


r 


fgqqZ 


0.1 




V 0.13 



« 2 X 10-«cm2 X (^^^°^) ( ) ( ^ ) , (4) 

where the upper (lower) numbers refer to the cross section with protons (neutrons), and QxxZ' gqqZ' denote the 
Z' couplings to dark matter and light quarks (w,(i), respectively. Thus we see that for couplings needed to produce 
the observed dijet signal at CDF {gqqZ' ~ 0.13) and similar couplings to dark matter {gxxZ' ~ 0-1), we find an elastic 
scattering cross section similar to that needed to generate the signals reported by the CoGeNT [3S] and DAMA 
collaborations (see also Refs. [80l[8T]). If such a dark matter candidate were heavier than ~ 8-10 GeV, however, its 
couplings to the Z' would have to be considerably suppressed in order to evade the constraints from null results of 
other direct detection experiments |55', 153]. If the dark matter instead consists of a Majorana fermion, a Z' could also 
mediate a potentially sizable spin-dependent interaction with nuclei. 

For dark matter composed of Dirac fermions, the exchange of a Z' can also yield a substantial contribution to its 
self-annihilation cross section [SH [5S] : 

2 2 

where c/ = 3 for quarks and 1 for leptons. For the couplings needed to produce the -\- dijet and multi-6 jet 
signals at the Tevatron {gbbZ' — 0.8 and gqqZ' — 0.13, where q = u^d,s^c), this leads to an annihilation cross section 
dominated by bb final states, and given by 

,2/ \2/ \2/-,^„^Tr\4 

-26 „„3 /„ / '"'X 



2 X lO-^^cmVs X 



10 GeV 



10 







Mz' 


9qqZ' 


gbbZ' 


QutZ' 


W^+jj 


140- 


-150 GeV 


0.1-0.3 






multi-6 


130- 


-160 GeV 


< 1 


0.7-0.9 




tt asymmetry 


120- 


-280 GeV 






0.3-0.8 



TABLE I: Approximate values of the Z' parameters required to explain various excess signals at the Tevatron. Here, quark- 
quark-^' couplings refer to a single helicity (left-handed in the case of the W"^ -\- jj signal, and either left- or right-handed in 
the other two cases) quarks only. 



This calculation yields a result that is quite similar to the the value required of a simple thermal relic (3x 10~^^ cm^ /s). 
In order for such a dark matter particle to annihilate significantly to t'^t~ , as would be needed to explain the gamma 
ray emission observed from the Inner Galaxy |86| . another annihilation channel would likely be required. For a dark 
matter candidate in the form of a scalar, the annihilation cross section is suppressed by the square of the relative 
velocity. In this case, additional annihilation channels will be necessary to avoid the overproduction of dark matter 
in the early universe. 



VII. DISCUSSION AND CONCLUSIONS 



In this article, we have discussed the phenomenology of a relatively light (~ 100-200 GeV) Z' boson, focusing on 
model independent constraints, and on ways in which such particles could be observed at hadron colliders. Although 
Z' bosons with sub-TeV masses and Standard Model-like couplings to electrons and muons are excluded by constraints 
from LEP-II and the Tevatron, we emphasize that much lighter Z' bosons are in fact possible if they couple more weakly 
to electrons and muons. In particular, we have considered the case of a leptophobic Z' with couplings to electrons and 
muons that are less than guz' < 0.04, but with couplings to light quarks that are as large as gqqZ' ~ 0.25. Although a 
light Z' boson with couplings in this range is not currently experimentally excluded, such a particle could potentially 
be observed in a number of channels at the Tevatron or Large Hadron Collider. 

Within this context, we have discussed three anomalies recently observed at the Tevatron: The 3.2a excess in 
the distribution of two jet plus events reported in [TS], the roughly 2a excess of events with at least three b- 
jets observed by both CDF and DO, and the 3.4ct discrepancy between the top quark forward-backward asymmetry 
measured by CDF and the prediction of the Standard Model. In Table [ij we summarize the mass and couplings of a 
Z' boson that would be required to account for each of the observed Tevatron anomalies. In the case of the dijet-fW^ 
excess, the location of the bump-like feature in the distribution of the invariant mass of the jet pairs (see Fig. [s]) 
allows us to constrain the required mass of the Z' to the range of roughly 140 to 150 GeV. To normalize the overall 
rate of such events, we require the Z' to couple to light quarks with a strength of approximately gqqZ' ~ 0.1 — 0.3 (see 
Sec. Ill for details). A Z' of the same mass could also account for the observed excess of multi-6 events, but only if it 
possesses a relatively large coupling to bb. In this case, we predict that a large fraction of the dijets observed would 
consist of pairs of 6-quark jets. Lastly, the forward-backward asymmetry observed in the top quark pair production at 
the Tevatron (which should shortly be within LHC reach 56, 64, 87-89J) could also be accounted for with a relatively 
light Z', although this requires the introduction of a fairly large flavor violating coupling, gutz' ■ 

Intriguingly, we find that each of these anomalies can be simultaneously explained by a Z' with an approximate mass 
of 140-150 GeV, modest couplings to light quarks, and larger couplings to bb and to iti and tu. We emphasize, however, 
that any subset of these signals could arise from a Z', and that none of these signals need imply the appearance of 
the others. 

If these anomalies at the Tevatron are in fact the result of a Z' with the characteristics described in Table |lj such a 
particle could have important implications for dark matter phenomenology. In particular, if the dark matter consists 
of either a scalar or a Dirac fermion with any significant coupling to the Z' , it would possess a large elastic scattering 
cross section with nuclei. With a coupling to the Z' on the order of 0.1, for example, the dark matter would be 
predicted to possess a cross section with nucleons of tr ~ 2 x lO""*" cm^, providing a potential explanation for the 
signals reported by the CoGeNT and DAMA/LIBRA collaborations. If the dark matter is a Dirac fermion with this 
same coupling, the large coupling of the Z' to bb that is needed to generate the observed multi-& events at CDF would 
also lead to a dark matter annihilation cross section of cru ~ 2 x 10~^^ cm^/s; a value very similar to that needed to 
thermally produce the measured cosmological dark matter abundance. 
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